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Abstract
Despite signiﬁcant improvements in the performance of organic photovoltaic devices
in recent years, the tradeoﬀ between light absorption and charge separation eﬃciency
remains pervasive; increasing light absorption by increasing the device thickness leads
to a decrease in exciton diﬀusion eﬃciency and vice versa.
In this thesis, I demonstrate organic solar cells with an external light absorbing
antenna. Light is absorbed by the external antenna and subsequently transferred
into the photovoltaic cell via surface plasmon polariton modes in an interfacial thin
silver contact. By decoupling the optical and electrical functions of the cell, this new
architecture has the potential to circumvent the tradeoﬀ between light absorption and
charge separation eﬃciency. Non-radiative energy transfer is discussed and modeling
ﬁnds that eﬃcient energy transfer is mediated by surface plasmon polaritons.
Devices with two very diﬀerent antenna systems are demonstrated experimentally.
Antennas with high photoluminesence eﬃciency are found to exhibit energy transfer
eﬃciencies of approximately 50% while strongly absorbing antennas exhibit increases
in photocurrent as high as 700% when compared to devices with non-functioning
antennas even with very low photoluminesence eﬃciencies near 4%.
These results suggest that this new device architecture could lead to signiﬁcantly
higher power conversion eﬃciencies by allowing the independent optimization of the
optical and electrical components of organic photovoltaic cells.
Thesis Supervisor: Marc A. Baldo
Title: Associate Professor
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Chapter 1
Introduction
Despite signiﬁcant improvements in the performance of photovoltaic (PV) devices
in the past half-century, solar cells have yet to achieve widespread success as an
alternative means of producing electricity.[1] Instead, the use of solar cells has been
limited to specialized markets such as in satellites or for rural electriﬁcation.[2][3] In
these applications, conventional electricity generation methods such as gas or coal
burning power plants are often prohibitively expensive and impractical. On a cost
per Watt generated basis, solar cells are simply too expensive for general use.[4]
Much of the past research into PV devices has borrowed expertise and fabrication
techniques from the silicon microelectronics industry. Signiﬁcant progress has been
made in improving power conversion eﬃciencies with recent reports showing power
conversion eﬃciencies as high as 24.4% for crystalline-silicon cells[5] and nearly 10%
for amorphous silicon thin-ﬁlm devices.[6][7] However, the energy intensive, high cost
processes associated with inorganic semiconductor-based electronics fabrication have
kept solar cells from competing successfully on the mass market.
Research into organic semiconductor based PVs, using small molecule pigments or
polymers, has gained signiﬁcant momentum in recent years as eﬃciencies have contin-
ued to rise steadily. The latest organic semiconductor based solar cells have exhibited
power conversion eﬃciencies as high as 5.7%.[8] Organic semiconductor based devices
have the potential for very low-cost production using techniques common in other
industries such as roll-to-roll and web-based processing. Many of these techniques
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are also well suited for making very large area devices. In addition, the variety of
organic materials available (and the ability of chemists to continually synthesize new
molecules for specialized applications) may also allow organic solar cells to match
more innovative applications such as the design of solar cells directly into building
windows. However, for any of these potential beneﬁts to be realized the eﬃciency of
organic PVs must be improved.
In this thesis, I demonstrate organic PV cells with an external light absorbing
antenna. This concept was inspired by the physical architecture for photosynthesis
found in plants and bacteria. By decoupling the optical and electrical functions, this
new architecture has the potential to circumvent one of the most pervasive tradeoﬀs
found in the design of organic PV cells: that between light absorption and charge
separation eﬃciency. In these cells, light is absorbed by the external antenna and sub-
sequently transferred into the photovoltaic cell via surface plasmon polariton (SPP)
modes in an interfacial thin silver contact.
In chapter 2, I discuss the theory underlying how organic PV cells convert light
into electricity and describe some of the challenges involved in their design. I describe
in detail the nature of the tradeoﬀ between light absorption and charge separation
eﬃciency. In addition, some of the previous methods that have been employed to
improve organic PV eﬃciency, including those aimed at maximizing light absorption
near charge separation interfaces, are discussed.
The design and optimization of organic PVs with external antennas are discussed
in chapter 3. I discuss energy transfer via guided SPPs and modeling results showing
the potential of this architecture. Chapter 4 discusses the experimental fabrication
and characterization of organic PV cells with external antennas. The energy transfer
eﬃciency between an external antenna and organic PV cell is calculated. Finally,
chapter 5 explores the potential implications of these results and catalogs potential
next steps and future directions for external antennas integrated with organic solar
cells.
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Chapter 2
Organic Photovoltaics
2.1 Mechanism of Power Conversion
Early organic photovoltaic (PV) cells were composed of a single organic semiconduc-
tor sandwiched between two metal electrodes with diﬀerent work functions.[9] The
rectiﬁcation seen in these devices was due to the formation of a Schottky Barrier
between the organic layer and the metal contact with the lower work function.[10]
While these devices prompted interest in using organic semiconductors in PV cells,
their power conversion eﬃciencies were extremely poor.
The introduction of the bi-layer heterojunction device architecture ﬁrst demon-
strated by Tang in 1986 was a major step forward.[11]. Similar to inorganic semicon-
ductor pn-junction solar cells, organic heterojunction solar cells are constructed from
two distinct semiconducting layers placed between metal electrodes. In inorganic de-
vices the p and n layers are created by oppositely doping two adjacent volumes of the
same semiconductor. In contrast, organic heterojunction solar cells employ a diﬀer-
ent semiconducting material for each layer, one having good transport properties for
holes (also known as a donor layer) and the other favoring the transport of electrons
(also known as an acceptor layer). In inorganic cells the electric ﬁeld generated by
the pn-junction acts to separate excited charge pairs.[12] In organic materials, the
energy-level oﬀset of the two diﬀerent materials is needed due to the more localized
nature of excitations. This means that the power generation mechanisms for organic
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Figure 2-1: Summary of power conversion processes in organic PV (a) Optical
absorption in one or more of the semiconducting layers creates locally bound electron-
hole pairs or excitons. (b) Excitons diﬀuse in the semiconducting layer. (c) Excitons
reaching the interface between the acceptor and donor semiconducting layers before
recombination are dissociated. (d) Separated electrons and holes diﬀuse to opposite
electrodes. After Peumans et. al.[13]
cells are fundamentally diﬀerent than those found in conventional inorganic devices.
Given below is a basic overview of the primary power conversion processes found in
organic photovoltaics. For a more thorough discussion of these processes I direct the
reader to the review by Peumans,2003.[13]
The conversion of light into electrical power can be separated into four distinct
steps as illustrated in Fig. 2-1. The absorption of light in one of the semiconduct-
ing layers initiates the process. Optical absorption generates tightly bound, charge-
neutral hole and electron pairs referred to as Frenkel or charge transfer excitons.[14]
The weak intermolecular interactions and lack of long range order found in organic
semiconductors gives rise to highly localized excitons. In order to extract power from
the device, the excitons must be separated into their constituent charges. This sepa-
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ration occurs if the excitons diﬀuse to the interface between the donor and acceptor
layers before they recombine. Organic heterojunction PV cells are designed such that
the energy level oﬀsets at the interface between the two semiconductors makes it ener-
getically favorable for the charges to separate. Charge separation results in electrons
being found in the lowest unoccupied molecular orbital (LUMO) of the electron trans-
port layer and holes in the highest occupied molecular orbital (HOMO) of the hole
transport layer. Finally, the separated charges diﬀuse toward the contacts generating
power.
The external quantum eﬃciency (ηEQE) of the cells, deﬁned as the number of
electrons ﬂowing in the external circuit per photon incident on the PV cell, is a
function of the eﬃciency of each of the internal processes described above:
ηEQE = ηabs × ηdiff × ηdiss × ηcc (2.1)
where ηabs is the eﬃciency of photon absorption leading to creation of an exciton,
ηdiff is the eﬃciency that an exciton created in the semiconducting layers will reach
the donor-acceptor interface, ηdiss is the eﬃciency of the dissociation of excitons that
reach the interface, and ηcc is the eﬃciency with which separated charges are collected
at the electrodes.
The large energy oﬀsets at the donor-acceptor interface result in charge separation
occurring over timescales of a few hundred femtoseconds.[15] This leads to eﬃcien-
cies of charge separation near 100%. In addition, the eﬃency of charge collection,
ηcc, is near 100% for these devices. Therefore, the absorption eﬃciency and exciton
diﬀusion eﬃciency are left as the major barriers to high power conversion eﬃciencies.
Unfortunately, these two eﬃciencies are mutually exclusive in conventional device
architectures; increasing absorption by increasing the device thickness leads to a de-
crease in exciton diﬀusion eﬃciency and vice versa.
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2.2 Light Absorption vs. Charge Separation
The tradeoﬀ between charge separation eﬃciency and optical absorption drives much
of the current research in organic photovoltaics. Exciton diﬀusion lengths, LD, for
organic materials are typically on the order of 10nm. This is much shorter than
typical optical absorption lengths ((1/α) ≈ 50-100nm). This means that despite
being composed of highly absorptive organic materials with absorption coeﬃcients
exceeding 10−5 cm−1, organic PV cells are limited by the amount of light they can
absorb. Only the light absorbed near the interface between layers contributes to
generated power.
2.3 Architectures Employed to Improve Eﬃciency
Several novel device architectures have emerged that aim to overcome the tradeoﬀ
between light absorption and charge separation eﬃciency including bulk organic het-
erojunction cells, dye-sensitized nanostructured oxide cells, and tandem or stacked
cells.
2.3.1 Bulk Heterojunction Cells
Bulk heterojunction organic photovoltaic cells were ﬁrst demonstrated using blends of
donor and acceptor semiconducting polymers.[16] Upon deposition (usually via spin
coating) and subsequent solvent evaporation, the polymers have been shown to phase
separate forming an interpenetrating network.[17] This vastly increases the interfacial
surface area between the materials, decreasing the average distance between exciton
generation and dissociation.
However, this technique is limited by the necessity for continuous pathways within
the two phases for charge collection at each electrode. Reduced charge carrier mobil-
ities due to intermixing on the molecular level can lead to recombination of separated
charges. Nonetheless, this technique has led to signiﬁcant improvements in the eﬃ-
ciency of polymer devices with internal quantum eﬃciencies demonstrated as high as
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85% at some wavelengths and power conversion eﬃciences as high as 3.5% under 1
sun, AM1.5 solar illumination.[18] Eﬀorts at improving polymer bulk heterojunction
cells have included optimizing the relative concentraions of each polymer in solution
as well as the exploration of postproduction treatments such as annealing.[18]
More recently, the bulk heterojunction concept has also been demonstrated in cells
utilizing co-evaporated small molecule organics.[19] However, simply co-depositing the
two materials leads to devices with very poor charge collection as the materials do
not readily phase separate, as illustrated in Fig 2-2. It was found that increasing
the substrate temperature during growth leads to phase separation and crystalline
domains. However, increasing the substrate temperature also results in rougher ﬁlms
that suﬀer from pinholes resulting in short circuited devices. Post deposition pro-
cessing also leads to poor device yields with many short circuited devices. Using
an underlying layer of a mixture of poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(styrenesulfonate) (PSS) was found to help planarize the cells. Cells composed of
pentacene and a perylene derivative were also successfully demonstrated with power
conversion eﬃciencies as high as 0.54%.[20]
Figure 2-2: Illustration of conduction in bulk heterojunction mixed semi-
conductor layers (a) Idealized interdigitated structure of donor and acceptor layers
with lateral feature sizes no larger than the exciton diﬀusion lengths. (b) Poorly
structured mixing of donor and acceptor molecules with few pathways for hole and
electron conduction leading to trapping and recombination. (c) Improved mixing
conditions with continuous pathways for hole and electron conduction after exciton
dissociation. After Xue et al. [21]
An extension of the bulk heterojunction cell architecture for co-evaporated small
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molecules has emerged under the names of hybrid planar-mixed heterojunction (PM-
HJ) and organic p-i-n solar cells.[22][21][23] Both of these names refer to cells with co-
deposited mixed layers of organic semiconducting materials sandwiched between neat
ﬁlms of hole and electron transporting semiconductors. The mixed layer is intended
to increase the surface area of the interface allowing more light to be absorbed while
the neat ﬁlms assist in charge collection and eliminate problems with short circuit
devices.
2.3.2 Dye-Sensitized Nanostructured Oxide Cells
Another strategy utilized to increase the light absorption eﬃciency of organic so-
lar cells while not reducing charge separation eﬃciency has been the design of dye-
sensitized nanostructured oxide cells. These cells accomplish optical absorption and
charge separation using two separate materials: a wide-bandgap semiconductor of
mesoporous or nanocrystalline morphology such as TiO2 is coated with a monolayer
of dye.[24] The dye-coated inorganic oxide electron conductor is combined with either
an electrolyte solution or a solid-state molecular hole-conducting material. Upon ab-
sorption of light in the sensitizer dye, an electron is injected into the conduction band
of the semiconducting oxide. The electron is then transported to the anode where it
can be collected and perform work in an external circuit. The hole conducting mate-
rial serves to regenerate the sensitizer and transport positive charges to the counter
electrode. The use of sensitizers with broad absorption bands has the potential to
allow cells to harvest a large fraction of the solar spectrum.
Cells utilizing electrolyte solutions have achieved eﬃciencies as high as 11% while
solid state cells using molecular hole conductors have been demonstrated with a max-
imum eﬃciency of 4%.[25] Solid-state nanostructured oxide cells have the beneﬁt of
not requiring the encapsulation of liquid electrolyte solutions. Quasi-solid-state de-
vices utilizing polymer electrolyte gels have also been demonstrated.[26] An example
of this architecture is given in Fig. 2-3. Recent work has expanded the range of nanos-
tructured materials used in dye-sensitized cells. Devices with dense arrays of oriented,
crystalline ZnO nanowires and CdSe nanorods have been demonstrated.[27][28]
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Figure 2-3: Schematic illustration of the dye-sensitized nanostructured ox-
ide cell architecture. A mesoporous, nanocrystalline TiO2 ﬁlm (the grey spheres)
sensitized by a dye (the red molecules) with polymer gel electrolyte (brown lines) in-
terpenetrated into the ﬁlm pores. The device is sandwiched between two transparent
conducting oxide (TCO) electrodes. The polymer gel illustrated here has alterna-
tively been substituted by electrolyte solutions and solid state polymer layers. After
Durrant and Haque.[26]
2.3.3 Tandem (Stacked) Cells
Devices with multiple, stacked heterojunctions have also been demonstrated.[29] Thin
semi-transparent heterojunctions were constructed in layers separated by extremely
thin, discontinuous layers of silver clusters. The Ag clusters serve as charge recom-
bination sites for unpaired charges generated in the interior of the device. In the
design of these so-called “tandem cells,” the optical absorption of each individual
heterojunction must be balanced so that the photocurrent from each heterojunction
is approximately equal. In principle, each heterojunction can be designed to absorb
a separate part of the solar spectrum. This is especially attractive as most materi-
als only absorb strongly over a narrow range of wavelengths. In addition, stacking
the cells has the eﬀect of signiﬁcantly increasing the open circuit voltage for the de-
vices. The total open circuit voltage is simply the sum of the built-in voltages of each
19
individual cell.
Initial demonstrations of tandem cells resulted in power conversion eﬃciencies
nearly double those using single heterojunctions with the same materials.[29] Sub-
sequent eﬀorts stacking hybrid planar-mixed heterojunctions have resulted in the
demonstration of cells with power conversion eﬃciencies as high as 5.7%.[8] The
fabrication of polymer-based tandem cells is complicated by the need to spin coat
multiple layers; the lower layers in the cells can be destroyed by the solvent used
in susequent layer depositions. Nonetheless, working polymer stacked structure de-
vices have recently been demonstrated with power conversion eﬃciencies as high as
2.6%.[30]
2.4 Light Trapping Strategies
While the above eﬀorts focused on expanding the surface area of the charge separation
interface in devices, additional eﬀorts have focused on trapping light in PV devices
more eﬀectively. This has been accomplished by modeling optical ﬁeld intensities
within devices,[31][32] by using diﬀraction gratings,[33][34][35] and by utilizing the
ﬁeld enhancing properties of metal nanoclusters.[36][37]
2.4.1 Optical Modeling
Modeling the optical interference in devices has proved to be a technique that can be
used to increase the light absorbed in organic PV structures while making only minor
changes to layer thicknesses.[31] The generation of excitons at a given position in a
device is dependent on the optical electric ﬁeld intensity at that position. Reﬂections
at each interface in the device modify the electric ﬁeld distribution. Using matrix
methods and the optical constants of each material, the reﬂection and transmission
coeﬃcients can be determined numerically. These values can then be used to deter-
mine the location of optical electric ﬁeld intensities. To maximise device eﬃciency, the
maxima in the ﬁeld intensities should be centered on the charge separation interface.
Figure 2-4, from Pettersson et al.,[38] illustrates this method of optimizing layer
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Figure 2-4: Optical ﬁeld modeling in organic PV (a) The layer thicknesses in this
device result in an optical ﬁeld maximum being located at the interface between the
active PEOPT and C60 semiconducting layers. Locating the interference maximum at
this point improves the eﬃciency of the device. (b) Devices with a slightly thicker C60
layer have a minimum in the optical ﬁeld located at the charge separation interface.
After, Pettersson et al. [38]
thicknesses. The PV devices illustrated are composed of the same materials but in
the top structure the electric ﬁeld intensity is at a maximum at the charge separation
interface between PEOPT and C60 whereas in the bottom structure there is minimal
ﬁeld intensity, and therefore minimal absorption, in the vicinity of the interface.
Furthermore, optical interference modeling has been used to predict the wave-
length resolved photocurrent or action spectra from devices.[32] Comparisons of the
predicted and experimental photocurrents have been used to estimate the diﬀusion
coeﬃcients of various materials.[38]
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Figure 2-5: Schematic drawings of two light trapping architectures (a) Pat-
terning the electrode to form a diﬀraction grating is one method that has been em-
ployed to trap incident light in organic PV structures. The arrows represent theoreti-
cal pathways taken by the incident light in this structure. (b) Buried nano-electrodes
have also been used to increase the interaction distance between light and the organic
PV active semiconductors. After Niggemann et al. [34]
2.4.2 Diﬀraction Gratings and Buried Nanoelectrodes
The use of diﬀractive optical structures built into devices has also been explored
as a means of increasing light absorption. Several diﬀerent implementations have
been demonstrated. In one, a soft embossed grating was built into an active layer
polymer.[33] The structure was designed to diﬀract incident light into guided modes
in the thin polymer ﬁlm. In other attempts, a comb-like array of electrodes embedded
in a polymer were used. As shown in Fig. 2-5 the structure of the electrodes was
designed to diﬀract the incoming light producing an absorption maximum in the
active layer.[34]
A similar eﬀort was made building solar cell devices on top of a structured
substrate.[35] The substrate was structured to act as a prism reﬂecting the light
through the active layers of the solar cell multiple times. Signiﬁcant optical model-
ing is still needed to design optimized diﬀraction gratings and/or substrate shapes.
This approach shows great potential as a way to separate the optical and electrical
components of solar cells. The design of the diﬀraction gratings and substrate shapes
is essentially independent of the layer thicknesses used in the actual conversion of
light energy to electrical power. The solar cell can be designed ﬁrst, and a diﬀraction
grating optimized for that cell could be designed subsequently. However, structures
can typically only be optimized for a single wavelength of incident light.
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2.4.3 Metal Nanoclusters
Incorporating metal nanoclusters in devices has also been used as a method to in-
crease eﬃciency in organic photovoltaic cells. Several theories have been advanced
as to the nature of the increase in photocurrent observed when metal nanoparticles
are added to a semiconducting layer. One theory proposes that the electric ﬁeld is
strengthened in the vicinity of metal nanoclusters incorporated into thin ﬁlms of semi-
conducting materials. This strengthening of the electric ﬁeld increases absorption in
the surrounding organic material leading to a greater photocurrent.[39] Another the-
ory posited that exciton plasmon modes in the metal clusters themselves could emit
an electron leading to an increased current.[40] Plasmon excitations are discussed
more in the following chapter as they are the means of energy transfer relevant to
this thesis.
Metal nanoclusters have been incorporated in many of the device architectures
discussed above including dye-sensitized cells[36] and tandem cells where silver nan-
oclusters were used between heterojunctions.[37] In this ﬁnal implementation the
optical ﬁeld close to the nanoclusters was found to have increased by up to a factor
of 100 compared with the incident light intensity.
23
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Chapter 3
A Device Architecture Inspired by
Photosynthesis
The widespread harvesting of energy from the sun has, as yet, been beyond the reach
of humans. In contrast, plants, algae, and bacteria have mastered the process over
millions of years of evolution. Photosynthesis, the biochemical process that nature
uses to convert sunlight into chemical energy provides the great majority of the energy
used on Earth. Therefore, it seems only natural that photosynthesis might be an ideal
place to look for inspiration in building electronic devices to harvest the sun’s energy.
In photosynthesis, light absorption and exciton dissociation occur in spatially
separated components: light absorption occurs in an antenna complex while exciton
dissociation occurs in a complex known as a reaction center.[41] In contrast, in the
architectures for organic PV, absorption, exciton dissociation and charge extraction
all occur in the organic semiconductors comprising the donor and acceptor layers.
Therefore, the semiconductors chosen for use in organic PVs must satisfy several con-
straints including: (1) strong, broadband optical absorption that overlaps well with
the solar spectrum, (2) eﬃcient long range exciton transport, (3) energy level oﬀsets
allowing for eﬃcient exciton dissociation, and (4) high electron and hole mobilities
with continuous charge conduction pathways between the two electrodes.[42] It is very
diﬃcult to ﬁnd materials satisfying these multifarious requirements.
As in photosynthesis, the spatial separation of optical absorption and exciton
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Figure 3-1: Organic PV with an external antenna In the device architecture
proposed here, an external antenna layer is added adjacent to one of the electrodes.
Light is absorbed in the antenna layer and transferred to the PV via surface plasmon
polariton modes in the thin silver electrode. Energy transfer to the PV results in the
generation of excitons which follow the same energy transduction pathways as in an
organic PV without an antenna.
dissociation in organic PV would allow the independent optimization of each, elimi-
nating the tradeoﬀ discussed in chapter 2. Here, we mimic the architecture found in
photosynthesis in organic PV by spatially separating optical and electrical functions.
As illustrated in Fig. 3-1, in our device, energy transduction begins with photon ab-
sorption in an artiﬁcial antenna. Excited molecular dipoles in the antenna are coupled
to a thin charge generation cell akin to a traditional organic bilayer heterojunction.
Energy transfer is mediated via surface plasmon polaritons (SPP) and radiation into
waveguide modes. Using an external antenna for light absorption allows for the design
of very thin organic PV charge separation ’reaction centers’ with internal quantum
eﬃciencies approaching 100%.
3.1 Energy Transfer via Surface Plasmon Polari-
ton Modes
In the device structure proposed here, excited molecular dipoles in the antenna trans-
fer energy to the PV cell via surface plasmon polariton (SPP) modes associated with
the adjacent silver electrode. SPPs are guided electromagnetic waves comprising a
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Figure 3-2: Surface plasmon polariton orientation and ﬁeld enhancement
Surface plasmon polaritons are transverse magnetic with electric ﬁeld components
both normal to the surface and in the propagation direction. Signiﬁcant ﬁeld enhance-
ment exists at the interface and decays exponentially into each adjacent medium.
coupled oscillation of an electromagnetic ﬁeld and surface charges at metal-dielectric
interfaces.[43] Interest in SPPs has grown signiﬁcantly in recent years as nanometer
scale control over metal surfaces and structures has become possible.[44][45] Applica-
tions of SPPs span many ﬁelds including optics, microscopy, and sensors.[46][47][48]
As illustrated in Fig. 3-2, SPPs propagate along interfaces between metals and
dielectrics and are highly localized within the interface area.[43] The modes are tran-
verse magnetic with electric ﬁeld components both normal to the surface (due to the
existence of surface charge) as well as in the propagation direction. The enhanced
ﬁeld is evanescent, decaying exponentially into both adjacent media. The character-
istics of SPPs are strongly dependent on both the refractive index of the dielectric
material as well as the complex dielectric function and surface roughness of the metal.
SPPs can be excited at interfaces between metals with negative dielectric functions
and dielectric media with positive dielectric functions. Excitation of SPPs results in
an enormous ﬁeld enhancement at the propagation interface.
Enhancement of organic solar cell eﬃciency by excitation of SPPs has been demon-
strated previously.[49][50] However, photons cannot directly couple with SPPs, so
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previous attempts have employed the attenuated total reﬂection (ATR) method to
excite SPPs.[42]
As illustrated in Fig. 3-3, photons cannot directly couple with SPPs since their
dispersion curves never cross. SPPs have extra momentum associated with the oscil-
lating charges which shifts their dispersion curve to the right of the photon’s disper-
sion line.[43] The requirement that energy and in-plane momentum always be con-
served, therefore, prevents the two modes from coupling directly. The ATR method
overcomes this limitation by inserting a second dielectric material with a dielectric
constant larger than the original dielectric above the interface.[51][52] This is often
accomplished by using a high index glass prism that shifts the dispersion line for light
incident on the metal surface to the right. Adjusting the angle of incidence allows
one to access all momentums to the left of the new dispersion curve. Changing the
angle of incidence selects a speciﬁc in-plane momentum. Therefore, for a given energy
photon (wavelength of light) one can couple to plasmons by choosing an appropriate
angle of incidence. The excitation of SPPs using the ATR method was shown to have
increased the short circuit current in organic solar cells by a factor of almost 8 at a
speciﬁc wavelength.[49]
The angular dependent nature of the ATR method and need for an external prism
limit the practically of such an approach for solar cells. An alternative approach,
employed here, is to use excited molecular dipoles to couple to SPPs. Dipole coupling
to SPP modes in a multilayer stack has been explored both theoretically [53][54] and
experimentally.[55] To examine energy transfer within a multilayer organic PV stack,
we adapt the method of Chance et al.[53] and model antenna excitons as oscillating
charge dipoles. The near-ﬁeld of a dipole contains components of a large range of
wavevectors and therefore, can be considered to have a horizontal dispersion line.
The horizontal dispersion curve intersects the SPP dispersion curve, thus allowing
coupling.
Several decay channels are available for the oscillating electric ﬁeld associated
with a radiative dipole at an excited molecule in the antenna. The ﬁeld can decay
non-radiatively into phonons. The ﬁeld can radiate photons into free space modes.
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Figure 3-3: Attenuated total reﬂection test setup and surface plasmon po-
lariton dispersion relation (a) In the attenuated total reﬂection measurement
setup an external prism is used with varying angles of incident light to excite plas-
mons directly from light. (b) Incident photons have straight line dispersion curves.
The surface plasmon polariton (SPP) is represented by the solid curved line. The
light line on the left never crosses the SPP dispersion curve. Therefore, light incident
in the medium with index of refraction n1 cannot couple with the surface plasmon.
In contrast, light incident in the medium with index of refraction n2 can couple with
SPPs at one speciﬁc angle.[42]
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The radiation can also be channeled into dielectric waveguide modes in the multilayer
stack. Finally, the energy associated with the ﬁeld can be non-radiatively transferred
into surface plasmon polariton modes at the adjacent metal interface.
For eﬃcient dye molecules in isolation, radiation into photon modes is the domi-
nant process. However, in the vicinity of a multilayer stack composed of both metal
and dielectric layers, emission into both waveguide modes and surface plasmon modes
can dominate. The rate of free space emission is dependent on the photonic mode
density by Fermi’s golden rule. Near a metal ﬁlm, the photonic mode density drops
dramatically as visible light is strongly absorbed by the free charges of the metal.[56]
Therefore, non-radiative energy transfer to guided electromagnetic modes is favored.
Energy transfer has been demonstrated from excited molecules to SPP modes in
metallic slabs [57][56] and thin ﬁlms[58] at nearly unity eﬃciency.
3.2 Simulation of Energy Transfer Eﬃciency
We performed simulations of the energy transfer eﬃciency from an antenna to a
bilayer organic heterojunction PV structure utilizing common organic electronic ma-
terials. The initial structure used in the modeling was composed of a silver an-
ode (Ag, 400A˚) underlying layers of copper phthalocyanine (CuPc, 270A˚), 3,4,9,10-
perylenetetracarboxylicbis-benzimidazole (PTCBI, 270A˚), bathocuproine (BCP, 100A˚),
and silver (Ag, 130A˚). Aluminum tris(8-hydroxyquinoline) (Alq3), a material stud-
ied extensively in organic light emitting diodes, was chosen as an antenna material
to use in simulations. The structure was modeled on a glass substrate. The in-
dices of refraction and extinction coeﬃcients of all modeled thin ﬁlms were directly
measured using an Aquila nkd8000 spectrophotometer. Software associated with the
spectrophotometer allows the user to determine the optical constants from reﬂection
and transmission data taken with multiple polarizations of incident light.
Results of device simulations are illustrated in Fig. 3-4. The energy coupling
is dependent on the transition dipole orientation with respect to the plane of the
interface. Therefore, perpendicular (Fig. 3-4a) and parallel (Fig. 3-4b) orientations
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are considered separately.
The coupling fraction of antenna excitons as a function of distance from the Alq3-
Ag interface and normalized propagation constant, u, are shown in Fig. 3-4a and
Fig. 3-4b. The normalized propagation constant, u, is deﬁned as the wavevector
normalized by the wavevector of an unconﬁned photon in the far ﬁeld. Values of u <
1 correspond to radiative modes (including photon emission and waveguide modes)
while values of u > 1 correspond to non-radiative energy transfer.
Coupling to SPPs is strongest close to the thin silver contact. For dipoles oriented
parallel to the interface, both dielectric waveguide and SPP modes are signiﬁcant. Di-
electric waveguides dominate at distances farther from the thin silver where coupling
to SPPs is unlikely.
Two prominent SPP modes can be found in the simulated plots of coupling frac-
tion. The broad peak at normalized propagation constant u = 1.8 corresponds to
an enhanced ﬁeld localized at the antenna-silver interface. The ﬁeld intensity proﬁle
for this propagation constant value is shown in Fig. 3-4c. As shown in Fig. 3-4d,
the other, narrow peak in the coupling fraction with propagation constant u = 1.1
corresponds to an enhancement at the glass-silver interface.
The eﬃciency of energy transfer from the antenna to the semiconductor layers
making up the charge generation cell was calculated by extending the method of
Chance et al. [53] to evaluate the Poynting vector, P .[59]
In an isotropic ﬁlm, the transition dipoles will be 1/3 perpendicular and 2/3
parallel. Therefore, in estimating overall energy transfer, the coupling fractions for
perpendicular and parallel dipoles have been weighted appropriately. The overall
energy transfer, shown in Fig. 3-5, was estimated by calculating P within the active
semiconductor layers of the charge separating structure for each u and integrating
over all u. In anticipation of using DCM as a dopant in experimental devices, we
assumed that the Alq3 antenna was doped with a randomly-oriented ﬂuorescent dye
with a photoluminescent (PL) eﬃciency of 70% and an emission wavelength of λ =
615 nm. In the unoptimized PV illustrated in Fig. 3-5, the average eﬃciency of
energy transfer to the PV layers is 52% over the thickness of the antenna layer.
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Figure 3-4: Exciton coupling fraction and mode proﬁles Logarithmic plot of
coupling as a function of distance from the antenna/silver interface and the prop-
agation constant, u. Contours have been added (for u > 1 only, dotted lines on
colorbar) to emphasize peaks in coupling fraction. (a) Coupling into non-radiative
modes with u > 1 is strongest for perpendicularly oriented dipoles. (b) Coupling to
dielectric waveguide modes with u < 1 is strongest for dipoles oriented parallel to
the Ag-antenna interface. (c) The dominant SPP mode at u = 1.8 is localized at the
antenna/cathode interface and has signiﬁcant overlap with the active semiconduct-
ing layers. (d) The u = 1.1 mode is localized at the glass/anode interface resulting
in much weaker coupling. The mode proﬁles were calculated by artiﬁcially setting
absorption losses to zero in each layer, and calculating the stationary states of the
stack.
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Figure 3-5: Antenna energy transfer eﬃciency to organic layers Eﬃciency of
energy transfer from the antenna to the charge separating cell is highest close to the
Alq3-Ag interface. Over the ﬁrst 1000A˚, the mean exciton coupling fraction to the
organic layers is 52% for an isotropic distribution of dipoles.
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3.3 Device Design Optimization
Many diﬀerent structures were simulated in order to ﬁnd an optimal design. The most
important aspect of designing optimal PVs with external antennas was found to be
the thickness of the silver cathode separating the antenna layer and PV semiconductor
layers. The SPP mode ﬁeld enhancement extends into both adjacent media when the
silver is thin. When the silver layer is thicker, the SPP mode is conﬁned on one
side where it cannot mediate energy transfer. We found an optimal silver thickness
to be approximately 120A˚. Unfortunately, it was not possible to fabricate devices
with continuous silver ﬁlms only 120A˚thick on top of the other organic PV layers.
Therefore, in the devices discussed in Chapter 4, thicker silver ﬁlms are used.
The PL eﬃciency of the antenna was also found to be very important in how
eﬃcient energy could be transferred to the internal semiconducting layers. The PL
spectrum of the antenna also must overlap well with the internal semiconducting
layers. An optimal PV device for use with an antenna layer would be optimized for
absorption and charge separation at the energy of the PL emission in the antenna
layer.
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Chapter 4
Demonstration of Organic PV with
External Antennas
Devices were fabricated with several diﬀerent materials serving as an external an-
tenna. Characterization of the devices involved determining the current-voltage char-
acteristics in darkness and under simulated solar radiation, measuring the wavelength
resolved photocurrent action spectra, and measuring the relative PL eﬃciency of dif-
ferent antennas. Ultimately, the results were used to estimate the eﬃciency with
which energy was transferred from the antenna to the charge generating cell.
4.1 Fabrication of Organic PV
Organic PV devices with integrated external antennas were fabricated by thermal
evaporation of all layers onto glass slides. The thermal evaporator was housed within
an oxygen and moisture free, nitrogen ﬁlled glove box. All processing occurred within
the glove box and devices were not exposed to atmosphere until just before measure-
ment. Prior to use, glass slides were cleaned by sonication in detergent (5 minutes),
water (10 minutes), and acetone (4 minutes) sequentially. The slides were immersed
in boiling isoproponal (4 minutes) and ﬁnally placed in a UV/Ozone cleaner (5 min-
utes).
Where speciﬁed below, a mixture of PEDOT/PSS was spun (40 sec, 3000rpm,
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1000rpm/s ramp) onto the clean glass slides to improve device yield by planarizing
the bottom surface. Substrates with PEDOT/PSS were heated on a hot plate for
at least 1 hour prior to use in order to ensure removal of all solvent. Some device
structures did not require the use of PEDOT/PSS for acceptable device yields.
Organic materials were puriﬁed by vacuum thermal gradient sublimation prior to
use. All materials were deposited by thermal evaporation at ≈ 106 Torr. Contacts
were patterned by evaporating metal layers through shadow masks. All active device
areas were 0.01 cm2. Thicknesses were measured by proﬁlometry and veriﬁed using
a spectrophotometer.
Two diﬀerent antenna materials were utilized, one with high PL eﬃciency and
one with very strong absorption. The search for a material satisfying both of these
requirements is ongoing. We chose as our control devices PVs with non-functioning
antennas. This avoided changes in the photocurrent spectrum due to interference
eﬀects in diﬀerent device structures. As discussed in section 2.4.1, optical interfer-
ence eﬀects become important in thin organic PV structures. The eﬃciency of SPP
coupling is proportional to PL eﬃciency. Therefore, to demonstrate energy transfer
via SPP coupling, antennas with varying PL eﬃciency were fabricated on identical
PV charge generation cells.
The ﬁrst material chosen as an antenna was aluminum tris(8-hydroxyquinoline)
(Alq3). Alq3 has rarely been employed in organic PVs previously. The structure fabri-
cated was glass/ Ag(400A˚)/ CuPc(180 A˙)/ CuPc:PTCBI(1:1, 180A˚)/ PTCBI(180A˚)/
BCP(100A˚)/ Ag(130A˚)/ Alq3(1070A˚). The antenna layer comprised an isotropic mix-
ture of Alq3 and either the quenching material CuPc or the laser dye
4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) co-deposited
at a ratio of 100:1. Comparing the performance of these devices allowed the classiﬁ-
cation of photocurrent contributions in a functioning antenna PV as originating from
either absorption in the antenna or the charge separating active layers.
The second material employed as an antenna was the strongly absorbing dye meso-
Tetra(pentaﬂuorophenyl) porphine (F20TPP). The structure fabricated was glass/
PEDOT:PSS / Ag (186A˚)/ CuPc (245A˚)/ Buckminsterfullerene (C60) (195A˚)/ BCP
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Figure 4-1: Structures of organic PV devices fabricated with antennas
(a) Alq3 antennas doped with either CuPc (1%) or DCM (1%) were fabricated
on PVs with CuPc and PTCBI acting as active semiconducting layers. A layer
of CuPc:PTCBI co-deposited in equal weight ratios was also integrated into these
devices. (b) F20TPP antennas doped with either CuPc (4%) or CBP (20%) were
fabricated on PVs utilizing CuPc and C60 as active semiconductors.
(85A˚)/ Ag (150A˚)/ F20TPP (700A˚). CuPc was once again used as a dopant to quench
the PL in the antenna to create non-functional antennas to use as a control. F20TPP
was co-deposited with CuPc at a ratio of 25:1. Co-depositing F20TPP and 4,4’-
Bis(N-carbazolyl)-1,1’-biphenyl (CBP) was found to increase the photoluminescence
eﬃciency of the antenna. The CBP acts to minimize self-quenching of the F20TPP.
F20TPP and CBP were co-deposited at a ratio of 4:1.
4.2 Antenna Photoluminescence Eﬃciency
The relative PL eﬃciency of diﬀerent antennas was determined by fabricating anten-
nas directly on glass with no underlying layers. The antennas were excited with laser
irradiation at λ = 408nm with intensity 0.5 mW/cm2. PL spectrums were measured
using a spectrometer. Fig. 4-2 shows the relative PL spectrums of a neat F20TPP
antenna as well as antennas with CBP and CuPc doping. Doping the antenna with
CuPc is seen to eﬀectively quench PL while CBP enhances the signal by reducing self
quenching of the F20TPP.
Integrating the PL intensity spectrums and normalizing by absorption at the pump
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wavelength gives the relative photoluminescence eﬃciency of each antenna. The dop-
ing ratios used were suﬃciently low to result in no change in antenna absorption at
the laser pump radiation wavelength.
The PL eﬃciencies of the co-deposited ﬁlms of Alq3 with CuPc and DCM relative
to neat ﬁlms of Alq3[60] were measured to be 0% and 75%, respectively. The PL
eﬃciencies of the co-deposited ﬁlms with CuPc and CBP relative to neat ﬁlms of
F20TPP were measured to be 0% and 4%, respectively.
Figure 4-2: Relative photoluminescence intensity Peaks in emission from
F20TPP are found at 646nm, 665nm and 713nm. Integrating the PL intensities of
each antenna and normalizing by absorption gives the relative PL eﬃciency of the
diﬀerent antenna layers.
4.3 Current-Voltage Characteristics
Illuminated current-voltage measurements were taken with a 1 kW solar simulator
(Oriel) ﬁltered to approximately one sun intensity and AM1.5G spectrum and mea-
sured with a (HP4156) semiconductor parameter analyzer.
Devices utilizing CuPc and PTCBI as semiconducting layers exhibited typical
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Figure 4-3: Current-voltage Characteristics (a) Devices utilizing CuPc and
PTCBI as semiconducting layers exhibited typical open-circuit voltages of 0.49V,
short-circuit currents on the order of 1 mA/cm2, and ﬁll-factors of 0.41. (b) CuPc/C60
devices were better performing solar cells. The devices exhibited open-circuit voltages
of 0.51V, short-circuit currents approximately 1.5mAQ/cm2, and ﬁll-factors of 0.62.
[Note: Diﬀerent data ranges were chosen when measuring these devices. The scales
on the above plots are not the same.]
open-circuit voltages of 0.49V, short-circuit currents on the order of 1 mA/cm2, and
ﬁll-factors of 0.41. CuPc/C60 devices were better performing solar cells. The de-
vices exhibited open-circuit voltages of 0.51V, short-circuit currents of approximately
1.5mA/cm2, and ﬁll-factors of 0.62.
The antenna materials utilized to demonstrate the concept of energy transfer
were not strong enough to produce a measurable diﬀerence in the current-voltage
characteristics. Overall, power conversion eﬃciencies were the same (within noise
limits) for devices with and without functioning antennas.
4.4 Wavelength Resolved External Quantum Eﬃ-
ciency Detection
Photocurrent measurements were made by using a xenon lamp with monochromator,
chopped at 90 Hz, and measured using a lock-in ampliﬁer. Incident light intensity
was measured with a calibrated silicon photodiode.
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External quantum eﬃciency (ηEQE) was calculated using the detected photocur-
rent as:
ηEQE% = 100× 1240× R
λ
× I
Ir
where R is the responsivity of the calibrated photodiode, λ is the wavelength of
incident light, Ir is the photocurrent obtained using the calibrated photodiode, and I
is the photocurrent obtained from the PV device.
The correct choice of the control devices became important in taking photocurrent
measurements. Devices with and without antennas often had mismatching photocur-
rent spectrums due to micro-cavity optical interference eﬀects, rather than energy
transfer from the antenna.
As shown in Fig. 4-4a, in devices utilizing Alq3 antennas, the magnitudes of the
photocurrents are nearly identical in regions where Alq3 is transparent. The guest
species CuPc and DCM were doped into the antennas at too low a concentration
to make any measureable diﬀerence in the antenna absorption spectrum. In the
region of 350 < λ < 450 nm, where Alq3 absorption is the strongest, the devices
with functioning antenna layers exhibit increased quantum eﬃciency. A 30% peak
increase in photocurrent was found for devices with Alq3:DCM(1%) antennas relative
to devices with non-functioning Alq3:CuPc(1%) antennas.
In addition, as illustrated in Fig. 4-4b, the shape of the increase in photocurrent
matched well with the shape of Alq3 absorption. The peak of the relative photocurrent
increase was found slightly red-shifted from the absorption peak of neat ﬁlms of Alq3
measured with no underlying layers. The overall gain in ηEQE is limited by low
absorption in the antenna layer and relatively small ηIQE in the unoptimized PV cell.
An increase in ηEQE matching the antenna absorption spectrum was also found
when using F20TPP antennas. F20TPP is an attractive material for use as an antenna
due to its very strong absorption. The strongly absorbing Soret band of the material
was found to absorb more than 70% of the incident light at wavelengths shorter than
450nm in ﬁlms 750A˚thick. The devices in Fig. 4-5 had matching antenna absorption
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Figure 4-4: Alq3 antenna external quantum eﬃciency enhancement (a) The
external quantum eﬃciency is higher for devices with a functioning Alq3:DCM(1%)
antenna relative to those with non-functioning (quenched) Alq3:CuPc(1%) devices.
Alq3’s absorption is strongest near 400nm. (b) The peak increase in EQE in devices
with functioning antennas is 30% relative to those with non-functioning antennas.
The increase in EQE has the same shape but is red-shifted slightly from the absorption
of Alq3. The red-shift is likely due to the presence of the underlying thin silver ﬁlm.
spectrums. Devices with F20TPP:CBP (4:1) antennas had the highest PL eﬃciency
and the greatest increase in external quantum eﬃciency. As shown in Fig. 4-6,
quantum eﬃciencies were found to be 700% higher in devices utilizing these antennas
relative to devices with non-functioning antennas in which the PL had been quenched
by doping with CuPc.
4.5 Calculation of Energy Transfer Eﬃciency
The increase in external quantum eﬃciency, EQE , originates in sequential completion
of three processes:
ηEQE = η
Antenna
ABS × ηAntenna−RC × ηIQE
where ηAntennaABS is the normalized absorption in the antenna layer, ηAntenna−RC is
the energy transfer eﬃciency across the silver electrode, and ηIQE is the internal
quantum eﬃciency of the organic PV.
For the devices with Alq3 antennas the peak absorption in the antenna layer,
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Figure 4-5: F20TPP antenna external quantum eﬃciency enhancement Exter-
nal quantum eﬃciency scales with antenna PL eﬃciency in the range of wavelengths
where F20TPP has a non-zero extinction coeﬃcient. In this region light is being
absorbed in the antenna and transferred to the internal PV layers.
ηAntennaABS , was found to be 24% for all antenna compositions. Reﬂection and transmis-
sion measurements were taken to calculate total absorption in the active layers of the
device with Alq3:CuPc antenna at λ = 615nm, the measured ﬂuorescence maximum
of DCM. From these measurements, ηIQE was found to be 5%. The total energy cou-
pling eﬃciency across the silver ﬁlm was found to be ηAntenna−RC = 46%, similar to
the predicted value of 52%. The overall gain in ηEQE was limited by low absorption
in the antenna layer and relatively small ηIQE in this PV structure.
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Figure 4-6: F20TPP antennas relative increase in external quantum eﬃ-
ciency Devices with an antenna comprised of F20TPP doped with CBP at a ratio of
4:1 result in a 700% increase in photocurrent relative to devices with non-functioning
CuPc doped F20TPP antennas. Antennas comprised of neat ﬁlms of F20TPP give a
100% increase in photocurrent.
43
44
Chapter 5
Conclusion
In this thesis I have proposed and demonstrated a novel new device architecture
for organic photovoltaic devices inspired by the highly evolved architecture utilized
in the process of photosynthesis to capture the sun’s energy in nature. The device
architecture consists of an external light absorbing antenna fabricated on top of an
organic photovoltaic cell.
The tradeoﬀ between light absorption and charge generation eﬃciency has been
the focus of a great deal of research eﬀort and many new architectures have been
proposed previously including bulk heterojunction devices and tandem/stacked cells.
While many of these previous eﬀorts have achieved success in demonstrating higher
eﬃciency devices, most have simply changed the constraints on the designer of organic
PV instead of reduced the number of constraints. Tandem cells for example eliminate
some of the problems with absorption by allowing greater total device thickness.
However, new complications arise in ensuring each individual heterojunction produces
the same magnitude of current. This constraint will no doubt lead to new tradeoﬀs
and limitations in the design of these cells.
The addition of an external antenna is unique in that it separates the optical
components of the cell from the electrical functions. Using an external antenna, each
of these functions can be optimized separately. Highly absorptive antennas can be
designed free of charge transport concerns while thin PV cells with near unity internal
quantum eﬃciency can be designed independent of the need to absorb strongly across
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the entire solar spectrum.
The true beneﬁt of this approach will likely come by combining a highly eﬃcient
antenna with a thin PV charge separation cell optimized for the photoluminescence
peak of the antenna. The breadth of materials available for use in optical antennas
is far wider than those that have satisfactory characteristics for use in heterojunction
charge separating cells. J-Aggregate materials, bio-materials, organic light emitting
diode materials, and even quantum dots could all be used as antenna materials.
Another beneﬁt of this approach is the use of two silver electrodes without the use
of indium tin oxide (ITO). ITO is a transparent electrode material often employed in
organic photovoltaic cells and light emitting diodes. ITO has also found heavy use
in the production of liquid crystal displays. However, as demand has increased, the
market price for ITO has risen dramatically. As the cost of ITO continues to rise, the
use of ITO electrodes alone may price photovoltaics out of market competitiveness.
Alternatives to using ITO electrodes such as that proposed here may become attrac-
tive. Transferring energy across semi-transparent or opaque electrodes via coupling
with surface plasmon polariton could prove fundamental in these eﬀorts.
Initial work on two very diﬀerent antenna systems has been discussed. Antennas
comprised of Alq3 with high PL eﬃciency exhibited high energy transfer eﬃciency
of approximately 50% while strongly absorbing F20TPP antennas exhibited increases
in photocurrent as high as 700% when compared with devices with non-functioning
antennas even with very low photoluminesence eﬃciencies near 4%.
Additional work is needed to ﬁnd antennas exhibiting both strong absorption and
high photoluminecence eﬃciency. Through blending materials in guest-host systems
there is no reason this cannot be achieved. When coupled with optimized thin PV
cells, it is likely that external antennas will be an additional architecture that can be
used to increase power conversion eﬃciencies in organic photovoltaic devices.
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